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ON EXPERIMENTALLY OBTAINED COMBUSTOR PARAMETERS 
^ H. Rudolph Dettwyler and Maxims A. Faget 


SUMMARY 


A parameter Is Introduced which sin^jlifies the accounting for 
pressure losses in ram- jet combustors. This parameter, called the 
combustor- force coefficient, relates the jet force and the total pres- 
sure at the combustion-chamber entrance. Experimental data for several 
different combustors are presented for evaluation and comparison. A 
calciilation method is presented which reduces the ram- jet thrust equa- 
tion to linear relationships and leads to a short method for determina- 
tion of proper ram- jet free-stream tube area for a particular combustor 
considered. 


INTRODUCTION 


In connection with conducting free-flight performance investiga- 
tions of ram- jet engines, the Langley Aeronautical Laboratory has con- 
tinually been engaged in performance analysis of ram jets . Test data 
obtained from flight and preflight tests for ram jets burning vapor, 
liquid, and solid fuels have been analyzed. Various methods have been 
used to determine the level of performance of the ram- jet combustors. 
Early methods involved calculations that were long and tedious for the 
data-reduction process, as well as for the analysis process that uses 
the resulting parameters for determining performance at extrapolated 
conditions or for making new ram- jet designs. 

It has been customary for some time to use air specific impulse 
as the parameter to express the heat-release rate in the combustor. 

The use of this parameter replaced the use o'f conbustlon flame tenpera- 
tiare which was awkward and difficult to measure. 

Another combustor performance parameter is presented herein. This 
parameter, called the "combustor-force coefficient,' is developed through 
the use of one-dimensional analysis of the general energy, continuity. 
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and momentum equations to e 2 q)ress the combustor jet force as a linean 
relationship with internal total pressiare. The use of_thls parameter, 
which is easily measured, eliminates the separate determination of 
combustor friction losses, momentiim losses due to heat addition, and 
the aerodynamic losses in the combustor exit nozzle. In addition, the 
use of the combustor-force coefficient, which is Independent of i 
combustor environmental variables except entrance Mach number, greatly 
reduces the labor involved in making ram- Jet performance calcvQatlons . 

As a means for evaluation and congjarlson of this new parameter, 
experimental combustor-force coefficients for seven different units 
tested in several facilities are presented. A sample problem utilizing 
graphical solutions is presented to show how the analytical expression 
developed in this paper can be utilized. 

The combustor-force coefficient simplifies the use of experimental 
data in solving for ram-jet thrust and internal pressures at conditions 
other than those at which tests were performed. The combustor- force 
coefficient, maximum total -pressure ratio, and maximum air specific 
impulse determine the optlm\im stream-tube area of entering air for 
maximum thrust coefficient. A simple equation is presented which 
relates these parameters for a quick solution to the matching problem. 


SYMBOLS 


A 

cc 

Crp 

F 

f/a 


f(M) 

G 


area, sq ft 

combustor-force coefficient, G/H 3 A 1 
ram-jet thrust coefficient, F/q^^ 
ram- jet thrust, 
fuel-air ratio 

1 + 7M^ 

exit jet force, 
jet force (sonic exit), lb 


G - 7oPo%% - 


PA(1 + 7 ]#), lb 
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g gravitational acceleration, ft/sec^ 

H total pressure, Ib/sq ft 

- Bq/Pq isentroplc pressure ratio, free stream 

H2 _/Bq diffuser recovery 

K stagnation pressTore ratio due to losses, Hia./Hi 

k friction pressure-loss coefficient, 

M Mach, number 

P static pressure, Ib/sq. ft 

q_ dynamic pressure, Ib/sq. ft 

154^ 

R \miversal gas constant, 

gas molecular weight 

Sa exit air specific Ir^-ulse, sec 

Sg.* air specific impulse (sonic exit), sec 

T static temperature, abs 

Tg stagnation ten^jerature , abs 

V velocity, ft/sec 

Wg air mass flow, Ib/sec 

Wf fuel mass flow, Ib/sec 

7 ratio of specific heats 

Tii Impulse efficiency, 

p specific mass density, slugs/ft^ 

9((M) nozzle expansion correction factor (ideal) 


Subscripts : 


0 


free stream 
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k 



1 diffuser exit 

la imaginary station at combustor entrance at which all drag losses 

in the combustor have been considered to have occiirred 

2 combustion- chamber exit 

3 nozzle throat 

if- nozzle exit 

act actual 

theo theoretical 


HETERMIMTION AND USE OF COMBUSTOR-FORCE COEFFICIENT Cq 


The thriist of a ram- jet engine is a result of the momentum 
pressure forces acting on the stream tubes of gases entering n-nfl leaving 
the engine. Thus, with the use of the station subscripts defined in 
figure 1, 


F = P^Ai^Vj^^ - PoAqVo^ + - Pq) 


( 1 ) 


This equation may be rewritten in Mach number terminology and reduced 
to 


F = Pi(Ai|.(l + - Alj.Po - /qFo^^Ao 


( 2 ) 


The greatest difficulty in solving for values of ram-jet thrust lies in 
an accurate' determination of the quantities appealing in the first term 
of the equation. This term is defined as the jet force G. Thus, 


G = Pi^Ai^.(l + 71 ^) 


(3) 


and, therefore. 


F - G - Ai^.Po - 7oPoWb^Ao 
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If the air specific impulse and wel^t flow of air are known, the 
jet force meiy he easily determined, since hy definition 


Sa 



( 5 ) 


A value for air specific impulse may he obtained from 




(. 6 ) 


where So* , is the theoretical value of the air specific Impulse 

X1I0O 

in a choking exit for the particular fuel-air ratio used, is the 

Impulse efficiency, and is the correction for Increased thrust 

obtained hy nozzle expansion. Expressions for and 9^(M) 

are presented in appendix A. Values of may he obtained from 

experimental results, or may he based on past experiences with similar 
comliustors. The use of values of air specific impulse in performance 
computations was explained in 19^7 (ref. l) a nd has been generally 
adopted as an engineering method of evaluating the thrust-producing 
potential of various fuels hiimed in air. It is therefore considered 
that no further explanation of this parameter is required. 

The jet thrust G of a ram jet at any given free-stream condition 
may he limited hy either the amount of heat being added to the entering 
air or hy the pressure available at the exit nozzle. With a fixed mass 
flow and a choking condition the jet thrust of a given nozzle may he 
Increased hy increasing the total temperat-ure and pressure of the gases . 
Under these conditions an Increase in temperature will he accompanied 
hy an increase in pressure and vice versa. While 5a allows the thrust 
to he determined on the basis of the mass flow of air entering the ram 
jet and the Impiilse available per pound of air after comibustion, no 
consideration is given to the pressure losses throughout the engine 
and total pressure available from the free-stream conditions. 

When the diffuser total-pressure recovery, the free-stream total 
pressure, and the comibustor- force coefficient are known, the jet force 
may he determined as follows; 


G = CcHiAi (7) 

A value for Cc may he determined from experimental results or may he 
based on past experiences with similar comibuBtors. 


ismmaBmssr 
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Appendix B presents a detailed discussion of the conibus tor- force 
coefficient and a method for determining values for this coefficient 
when vBlues of the comhustor pressiire losses (in terms pf the entrance 
dynamic pressure) are known. These losses are a result of friction and 
separation losses of the flame holder, shell, and nozzle and are the 
actual hot losses and not those associated, with "cold' conditions. 

The use of the comhustor-force coefficient allows one to weigh 
directly the differences between any one conhustor and nozzle combina- 
tion and any others with respect to thrust potential based on pressure 
available at the combustor entrance. The analysis presented in appen- 
dix B shows that with a choking exit the combustor-force coefficient is 
independent of environmental conditions at any specified combustor 
entrance Mach number. The combustor- force coefficient for a comhustor 
with an exit nozzle with a contraction and e3<i)ansion ratio of 1.17 
various hypothetical lntei*nal-drag values from Iq^ to 6q is shown in 
figure 2. (The notation for internal drag is explained as follows: The 

pressure-loss coefficient k represents the stagnatlon-pressvire drop 

Hi - Hip, 

referenced to the dynamic pressure, such as k = ^ . The internal- 

drag values kq., then, which are equi-ralent to the stagnation-pressure 
drop, are represented numerically herein in terms of the dynamic pres- 
sure, such as Iq., 2q, and so forth.) It is apparent that the lowest drag 
configuration will, produce the hipest combustor-force jsoefficient for 
a specified entrance Mach nvimber. The variations of M^, when free- 
stream conditions are fixed, is synonymous to a fuel-alr-ratlo change. 

The real significance of the combustor-force coefficient is that it 
directly rates any one conibustor with another, the highest value 
naturally being for the unit that can produce more thrust when con- 
sidered in a ram jet of equal diffuser recovery and unit size. For 
example, consider the use of a combustor with a diffuser that delivers 
10,000 pounds per square foot of total pressure for Mi = 0.20 at 
specified flight conditions. In this case, the Iq. combustor shown in 
figure 2 would produce a jet force of 9510 pounds for every square foot 
of combustion- chamber area, whereas the 6q. unit would deliver only 
8520 pounds of jet force per square foot. 

In order to realize the higher jet force in the cited example, 
however, a correspondingly higher value of air specific impulse would 
be required. Under these conditions, when the diffuser recovery is 
not necessarily the maximum available, the maximum air specific impulse 
will dictate the maximum jet thrust. 

In figure 5 the effect of varying the geometry of the exit nozzle 
is illustrated for a It-q. combustor. Exit nozzles having the largest 
contraction ratio, and therefore the smallest throats, produce the 
lowest values of C^. The use of a small throat may be desirable where 
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fuel econoncT TDecomes a major factor. In such a case, the throat sffte 
would he determined by the expansion ratio required to keep nozzle 
losses to a minimum. 

The effect of a nonexpanding exit (sonic flow at the exit) would 
show the same general trends as in figures 2 and 3, but with lower 
values of Cc throughout. This is as should be esqaected, since an 
Increase in momentiim will result when the exit flow is expanded to a 
lower pressure. This gain in Jet force is e^qoressed as a nozzle factor 
which is described in appendix A. 


CORE?ELATION OF COlffiUSTOR DATA 


An engineering analysis is valuable only when good agreement can 
be obtained with experimental data. Values of the combustor- force 
coefficient are presented for seven different combustors. These Include 
combustors that use flame holders of three different types - gutter 
■type^ 'donut' type, and can type. Sketches of the various combustor 
configurations are presented in figure ll-. Some general information on 
these configurations is presented in table I. Connected duct, free- 
Jet, and free-f light ram- Jet data for the different combustor configura- 
tions are presented in figures 5 to 11 . In these data the Jet force 
was either a direct meastirement or was computed from force measurements 
with the proper tare conditions considered. Conibustor internal pressures 
were measured values from which Mach number and mass-flow conditions 
were determined. The Jet force so obtained was divided by the product 
of the total pressure at combustor entrance and the combustor cross- 
sectional area, giving values of the combustor-force coefficient, Cq. 
These values of Cq were plotted against the combustor entrance Mach 
number M]_. 

In order to classify the combustors for each case, comsputed curves 
of Cq at constant drag conditions for each particular combustor geometry 
are superimposed on the test data. Therefore, by merely examilnlng the 
curves, it can be seen that the test data will actually classify the 
combustor as to its apparent drag characteristics; that is, 2 q. or 4 q, 
and so forth. In considering figure 5 (combustor A), the test points 
fall on the 4 q drag curve over the range of inlet Mach numbers tested, 
while the combustor-force coefficient varied from 0.80 to O.75. These 
data are for free-Jet Mach mimbers of 1 . 81 <-, I.90, and 2.06 and a range 
of Tjg^ from 830° F to 960° F absolute and a range of f/a from O.OO9 

to 0.078. Similar comparisons are made with the other combustor data 
presented. 

The data for a 9 « 6- inch-diameter combustor with a modified donut 
burner (combustor B) are presented in figure 6. This burner was of a 
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similar type used In combustor A, except that two concentric rows of 
donut flame holders were employed having approximately equal total geo- 
metric blocked area as combustor A. Vapor ethylene fuel was used and 
Injected at the first flameholder. A nonexpanding exit nozzle with a 
contraction ratio of 1.25 was used. It should be noted that neither 
effects of free- jet Ifech number nor stagnation temperatiire are evident. 

It Is of Interest, to note that, although combustors A and B are not 
Identical, figures 5 and 6 Indicate that their drag and Cq conditions 
are equal. 

Figure 7 presents data for a donut burner In a 6 . 5 -lnch-dlameter 
unit (combustor C) with two different nozzles. This particular burner 
had the same percentage of Internal blocked area and also enployed the 
same combustor-chamber length as combustors A and B but. was evaluated 
with an expanding exit. It Is of Interest to note, however, that the 
apparent drag of combustor C Is somewhat lower than combustors A or B. 

This ml^t be attributed to the relatively longer length between the 
flame holder farthest downstream and the exit, resulting in the I mme rsed 
flame holders being In a lower velocity region. These data are for 
free- jet Mach numbers of 1.84, 2.06, and 2.21 at sea-level conditions. 
Again, It can be noted that free-jet and Tg^ had no effect on 

the drag or combustor- force coefficient over the range of Mp shown. 
Flight data for similar units reported In references 2 and 5 aj:e also 
presented for comparison. These data represented free-stream Mach 
nximbers from I .9 to 3 .I and an altitude range from near sea level to 
67,000 feet. Figure 7 (b) also shows data for Mq = 2 from reference 4. 

Free-jet data on a l6-lnch-dlameter combustor reported In refer- 
ence 5 are presented In figure 8 (combustor D). The burner was of the 
corrugated-gutter type with fuel injection 17 Inches upstream of the 
flame holder. These data ane represented for M = 1.35. M = 1«75 

with a 90 - Inch combustion- chamber length and a nonexpanding exit-nozzle 
of area ratio 1.35* The maximum value of Cq Indicated Is O. 7 O with 
a combustor drag of 8 q.. This high drag loss Is probab^ largely due 
to the plug-type nozzle and support strut assembly utilized on this 
configuration. Because of the high interaal-drag conditions prevailing, 
the combustor-force coefficient decreases rapidly with increased entrance 
Mach number M^, . 

Figure 9 presents data for a can-type burner In a l 6 -lnch-dlameter 
combustor reported in references 6 and 7 (combustor E). These data 
represent two exit-nozzle configurations at both Mq = 1.8 and Mq = 2.0. 
The evaluation and drag classification of this combustor with a straight- 
pipe exit is presented In figure 9(a). The combustor- force coefficient 
with a convergent-divergent nozzle = 1.4) is shown in figure 9(t>)> 

Again these data indicate that the free-stream Mach n\miber Is an inde- 
pendent parameter; however, some apparent change in drag loss Is Indicated 
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•when a nozzle -with a contraction ratio is employed. This fact is evident 
when figures 9(a) and 9(l3) are con^jared. The constant-area nozzle shows 
an over-all drag "between Iq and 2 q_, while Cq varied considerably with 
M 2 _. In the case where a nozzle ■with a contraction and expansion ratio 
of l.lt was tested, Cq remained practically constant, whereas the drag 
■varied from 2 q to 5 q. at the highest fuel-air ratios. 

Figure 10 presents data oh^tained in duct tests (ref. 8 ) a^nd free- 
jet tests of two combustors utilizing magnesium — JP-3 slurry fuel (com- 
h^ustors F and G). The free- jet data are for M = 2.06. These partic- 
ular "burners (modified ■vane-gutter flame holder and can "type) "were 
incorporated in a combustor-shell configuration similar ■to that of 
combus'tor C (fig. 4) Td-th two expanding exits (A 4 /A 5 = 1.17 and 
A 14 ./A 5 = 1 . 28 ). For combustor F, reducing the exit merely reduced the 
Cc a^vallable, whereas the o^ver-all drag condition remained nearly con- 
stant (approx. 2^ at high -values of f/a or the lowest -values of Mp) . 

This effect -vreis pre-vlously predicted analytically by figure 3* Again, 
it is e-vident from figure 10 that the combustor-force coefficient is 
practically a linear -variation -with internal Mach number Mp. 

Data for the can-type burner were a-vallable only over a small range 
of -values of Mp for Ai^./Aj of 1.28 (combvistor G). It is interesting 

to note that this xmlt has nearly identical drag characteristics and 
combustor-force coefficients for the limited range of Mp tested as 
combustor F. In addition, when compared to a similar type of burner 
(combustor E, fig. 9(b)), it can be noted that both combustors have 

about the same internal drag conditions 2^ , at equl-valent Mp. 

The experlmen-tal effects of combus'tor exit-nozzle size on jet force 
are shown in figure 11 for combustor A. Pre-vlously, figure 5 indicated 
that this combustor -with A 4 /A 3 = 1.25 could be classified as a unit. 
The addition data in figure 11 Indicate that an Increase or decrease of 
approximately 9 percent in exit-nozzle area ratio (nonexpanding type) 
has a marked effect on the over-all drag characteristics of the combus'tor. 

The exit-nozzle area ratios of I.I 5 and 1-37 indicate and 3^ com- 
bustors, respectl-vely. The Increase in Cq with increased nozzle-throat 
area -was predicted by the pre-vlously presented analytical discussion; 
however, the difference expected -was not so large because of the change 
in apparent drag -with different exit-nozzle sizes . 

Escperimental data from tests on combustors of different sizes, 
fuel types, and flame-holder configurations all showed good correlation 
-with this parameter. Test experience on these combuators Indicate that 
hot tests at one Mach number and stagnation tenperature is sufficient 
to eval-uate the combustor- force coefficient on any unit. This eliminates 
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the necessity for extensive testing programs In order to determine 
performance over a wide range of conditions. 

The experimental data presented show that the exit force varies 
almost linearly with conibustor entrance pressure. Thus, a measurement 
of this pressure should he easy to use as a thrust meter. References 9 
and 10 discuss schemes of ram- Jet controls utilizing such an englne- 
pressiire measurement. 


USE OF Cq and Sa 


Since the combustor-force coefficient relates the Jet force to 
the Internal pressure and the air specific Impulse Sa Is a measiire 
of the Jet Impulse available due to combustion, each parameter can he 
used Independently In an expression for ram-Jet thrust and thrust 
coefficient . 

considering the alr-speclflc-lnpulse parameter, equation (5), 
and substituting Into equation (4), an expression for the thrust is 
obtained . 




Ry dividing both sides by q^A^.^ ^ expression for the thrust coeffi- 
cient may be obtained. After simpli:^ing and reducing to Mach number 
terminology. 


Cq, = 2 


^a-\) / g _ ^4 _ ^ 

^1 / 70^0^0 Airo^ti^ \ 


By substituting equation (7) into equation (4), another expression 
for the thrust Is obtained which considers the combustor-force coefficient 

F = CqHqA;^ ■ -^4^0 ■ 


(10) 
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Changing this to an expression for thrust coefficient in terms of Mach 
number and compression ratio yields 


Cq; = 2 




( 11 ) 


The equations may he used to conpute thrust and thrust coefficients 
of ram jets from experimental or estimated values of Cp, E'^/Fq, and 
Sg,- In ma,king a performance map of a ram jet (where the variation of 
thrust is determined over a range of Mach numbers for various values 
of Sg and diffuser recovery) equations (9) and (ll) are Ideally suited 
for rapid confutation. Equations (8) and (lO) are' useful for obtaining 
values of Sg and Cq from experimental data. 

It should be noted that the jet force G is dependent upon two 
sets of conditions as set forth in equations ( 5 ) and (7). Thus, 


G = SgWg = CcHiAi 


From this relationship it can be concluded that, for a given ram 
jet under specified conditions, the jet thrust will be li m ited by either 
the air specific inpulse or total pressure at the combustor entrance. 

If the air specific Impulse limits the jet thrust, the -botal pressure 
at the combustor entrance Hi will automatically conform 'to satisfy 
the equation. Similarly, if the total-pressure recovery limits the jet 
thrust, then either Sg will be less than maximum or the diffuser will 
automatically spill enough air so that Wg will be reduced until the 
product SaWa will equal the jet thrust produced. 

In designing ram jets, proper selection of the ratio of free-stream 
tube area to combustor area is necessary in matching diffuser to com- 
bustor characteristics. At the design Mach number, the engine should 
be designed to operate at maximum total-pressure recovery and maximum 
heat release. In order to determine the proper area ratio for conditions 
of TTiRvlTmiTTi recovery and Ttw.vlTmnn Sg, equations (5) and (7) are combined. 




( 12 ) 
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or 


Thus j 



CcHiAi 


(13) 


Al 


Pq 





ilk) 


It has been shown that Cq usually varies slightly with combustor- 
entrance Mach number Since Mi varies with area ratio for a given 

pressure recovery, the area ratio may not be determined directly; however, 
since the change in Cc with Mi is slight, Aq/Ai can be determined 
in one or two reiterations. Examination of equation (lil-) shows that, in 
order to utilize an increase in total-pressure recovery or combustor- 
force coefficient, a corresponding increase in Aq is required; whereas 
a decrease in Aq will be required to accommodate an increase in Sa« 


CONCLUDING REMARKS 


A study of the experimental data presented indicates consistent 
agreement between the engineering method of combustor evaluation and 
classification and the experimental data. This comparison has been 
done by means of evaluating seven completely different and independent 
configurations. Inasmuch as the combustor-force coefficient relates 
the jet force to the internal total pressure, it rates the thrust 
potential of the combustor in terms of the available pressure . One- 
dimensional analysis presented Indicates that, when choking exists at 
the exit, the combustor-force coefficient should be independent of 
environmental conditions except for second-order combustor- entrance 
Mach number effects . 

Some definite trends that resulted from experimental data presented 
are the following: 

1. The free-stream Mach number variation from 1.35 ’to 5-1 shows no 
effect on combustor-force coefficient. 

2. Free-stream stagnation temperature variation from 500° P to 

1200° F absolute showed no determinable effects on combustor-force 
coefficient. - 
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3 . The variation of nozzle throat size had a direct effect on 
oon±)ustor-force coefficient. In addition, small changes in apparent 
drag loss were Indicated as the nozzle size was changed. 

i(-. For the experimental tests evaluated, comhustor-force coeffi- 
cient decreased as the combustor-entrance Mach number Increased. In 
many cases, however, the variation of combustor-force coefficient with 
combustor-entrance Mach number was very sli^t. 

Test experience on these combustors Indicates that hot tests at 
one Mach number and stagnation temperature will evaluate any unit, 
eliminating the necessity for extensive testing programs . The good 
experimental correlation shown Indicates that a thrust meter or con- 
trolling device based upon combustor-entrance pressure measurement 
would be a workable device. 

The use of the combustor-force coefficient and the air specific 
impiilse parameter leads to simple ram- jet thrust- coefficient relation- 
ships, which allows for quick solutions. The problem of ram- jet sizing 
is simplified by the use of an expression using the combustor-force 
coefficient and air specific impulse. This ejcpression allows for quick 
solution of the proper ram- jet free-stream tube area Aq for a partic- 
ular combustor considered. 


Langley Aeronautical Laboratory, 

National Advisory Comnnlttee for Aeronautics, 
Langley Field, Va., May 27, I 955 . 
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APPENDIX A 

DERIVATION OF AIR SPECIFIC IMPULSE, Sa 


By definition (ref. l) the air specific ^pulse is defined as the 
ratio between the exit momentum or jet exit force G and the air mass 
flow Wa* Expressing Sa in terms of stagnation tenperature and y 
results in an equation that allows a theoretical calciilatlon of Sa* 
for any fuel burned in air when thermal choking takes place in the exit 
nozzle. The jet force is defined 


G = 


pA^ + PA = pAVgf- + 



(15) 


or 


V + 

G = (Wa + Wf ) 

g 


B_ 

PV 


(16) 


The Mach nvunber in the exit is sonic j thus, equation (16) can be 
rewritten 


G* 


7^T + ^T 


(Wa + Wf ) 


g 


(17) 



(18) 
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Simplifying gives 





(19) 


2Ta 

Since T = 

7-1 


(for M = 1 ), 


S, 


* 




2(7 + l)R 0 ?s 


7g 


( 20 ) 


Equation (20 ) shows that the theoretical Sg,* can he obtained for 
any combustible fuel-air mixture provided the ratio of specific heats, 
the gas constant, and the stagnation temperature are known for the 
products of conibustlon corresponding to a given fuel-air ratio. 

Since Sa is a measure of the ram- jet exit impulse, the ln 5 )ulBe 
efficiency can be simply expressed as 


Tli = 


®s-*act 


theo 


( 21 ) 


at the equivalent values of f/a and Tg. 

Generally, the ram- jet combustor enploys an expanding exit nozzle. 
Therefore, an Increase in thrust is realized due to expanding the flow 
to a lower pressure. In order to express the air specific impulse at 
the nozzle exit, a nozzle correction factor 5 ^(m) is required. Thus, 
the exit Sa is 


Sa = Sa*5^(M) 


( 22 ). 
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This nozzle factor can be determined from stations 5 to 4 by ass^lming 7 
constant and no losses or separation effects (ref. ll). 


M = 


1 + 


7 ^^ 




2(1 + 75 ) 




-. 1/2 


(25) 


Where is found from the continuity equation 


A5 





Figure 12 presents the variation of Sg_* against f/a for a 
typical hydrocarbon fuel burned in air at free-stream stagnation te^era 
ture from 700° F absolute to 1000° F absolute. The nozzle factor (HM) 
is presented in figure 15 as a function of area ratio for y - l.k and 
7 = 1-3. 
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APPEIIIDIK B 


ANALYTICAL DETERMICIATION CfF COMBUSTOR-FORCE COEFFICIEHT, Cq 

The analysis considers a combustor of constant cross-sectional area 
(fig. l) with some form of an exit restriction. The tenn "combustor" is 
considered to consist of three components - burner, shell, nuri exit 
nozzle. The burner con^ionent is considered made up of the fuel- injection 
and flame-holder systems . 

For the analysis of this constant-area combustor, choking is assumed 
to exist in the combustor exit nozzle. The combustor drag consists of 
the pressure losses due to friction and separation. It is assumed that 
all of the losses not associated with heat addition take place before 
the combustion process. No special account is taken of the effects of 
fuel Injection on the mass flow and gas velocity through the combustion 
zone and the aerodynamic efficiency of the exit nozzle; however, these 
losses are Included as pressiire losses based on entrance dynamic pres- 
sures and are definitely evaliiated when hot-test data are en^jloyed. 

The ratio of specific heats is considered equal to that for standard 
air up to the combustion zone. In the combustion zone, 7 is considered 
equal to I.30. If desired, other values of 7 can be used for the 
combustion zone; however, when experimental values are con^iared to 
con^juted values where 7 = I.3 was assumed, good correlation exists. 
Combustors are classified as to their drag characteristics in terms of 
total-pressvire losses referenced to the entrance dynamic pressiire; that 
is, 2 q, 4q., and so forth. 

The analysis is made in two steps - an Independent escpresslon for 
friction losses and an expression for the change in momentum due to 
heat addition. In the first step, all of the pressure losses due to 
friction and separation are taken between stations 1 and la (fig. l), 
with no change in mass considered. By assuming the condition 

^la “ (^1 " ^<li) (25) 

where q.-j_ represents the dynamic press\ire at station 1 and k is the 
pressure loss coefficient. An expression for the stagnation pressure 
ratio K as a function of Mach nimiber and 7 is developed. 
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Equation (26) is presented graphiceilly in figure for different 
amounts of pressure loss eaqpressed In q against conibustion-cliamber 
entrance number Mq_. 

The Mach number of the flow at the entrance to the combustion zone 
Mia^ however, differs from the Mach number at the Inlet M^^ because of 
the pressiire losses expierlenced by the flow. Once and K are 

known at a particular M]_, the new Mach number Mia Is obtained by 

one -dimensional flow analysis. Figure I5 presents a graphical solution 
for the Ml a for a range of dynamic pressure drops. 

In the second step of the analysis, a momentum balance between 
stations la and 2 for a constant-area channel can be written (friction 
already having been accounted for) 

I'la + - ^2 + (£7) 

Since 

P + pV^ = P(l + /M^) (28) 

then 

Pla(l + ^'laMla^) = ^’2^ + (29) 


Thus, 


^ ^ 1 + 72 ^ 2 ^ 


(50) 


The total-pressure ratio due to heat addition can be found by 
en^loylng the following tautology 


Bq _ ?2 ^2 

^la 

Pla 


(31) 
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By substituting equation ( 50 ) and the relationship 

y 

I = (1 + (32) 

into equation (3l)j the total presstire becomes 


Hia 


’'a 




^la ~ ^ 
2 







yia ' 

^la-1 


+ yia%a^ \ 

1 + / 


( 55 ) 


For purposes of siit 5 )liclty, let 


f(M) 



1 + 7^ 


(5^) 


Then 


H2 _ fCMg) 
^ " f (Mia) 


( 55 ) 


After considering other losses exclusive of those due to heat addition 


H2 f(Mg) 

Hi fXF^ 


(56) 
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Equation ( 36 ) thus expresses the pressure ratio in a constant-area 
channel due to pressure and separtion losses and the ideal heat-addition 
process in terms of Mach n\unher. 


For purposes of simplicity, it is assumed that no total -pressure 
losses occur through the exit nozzle; that is, Hg = Hlf It should he 
noted that such losses that do occur are charged to combustor-friction 
losses. Considering the conditions at station k, the jet force G can 
be written as 

G = ( 37 ) 

By solving equation ( 32 ) for P and substituting into equation (37)> 
the jet force becomes 


G = 



(58) 


Simplifying with equation (5^) 




or, since ]^ = R 4 


G 


Aj^Hg 

f(%) 


(59) 


By solving equation ( 36 ) for Eg and substituting in equation (39); 
the jet force becomes 


KHiA4f(M2) 
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5y dividing G by the total pressure and area at station 1 , a non- 
dimensional coefficient results wiiich is called the combustor-force 
coefficient, Cq. 


G A4 f(M2) 

-if— = K — 

HiAi Ai f(Mia)f(%) 


(41) 


For most cases Aj^ = A 2 = Aj_ (as in fig. l); thus, equation (4l) 
may be written as 

f(jfe) 


Cc = K 


f(Mia)f(l^) 


(42) 


Another special case to consider is that of a constant-area nozzle 
and combustor, ~ ^ Under such conditions equation (4l) 

sln 5 )lifies to 


” f(Mia) 


(45) 


because f(l^) and f(Mij.) are equal. 

As an aid for quick solutions to equations (4l), (42), and (it-5), 
the functions K, Aij./A^, f(M) in the subsonic case, and f(M) 

in the supersonic case are presented against Mach number in figures l4 
to 17. 


Exan 5 )le of the Use of Charts 

The use of the appropriate functions presented in figures l4 to I 7 
to con^jute a combustor- force coefficient can be shown with the following 
sample problem: 

Determine the combustor-force coefficient for a combustor with the 
following qualifications: 


Ml = 0.20 

72 = 75 = 74 = 1-5 
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?'l = T'la = 


A, A, 


» 1.20 


It-CL ‘burner 


Solution! 


Known quantities 

Figure used 

Find 

M]_ = 0.20; drag loss = 4 qQ^ 

14 

K = 0.881 

M]_ = 0 . 20 ; drag loss = 4q2_ 

15 

Mia =0.233 

A^/A^ ~ 1.2; 72 ~ 1*3 

16(a) 

M2 = 0.593 

A 4 /A 3 = 1 . 2 ; 71 ^ = 1.3 

16(b) 

M 4 = 1.515 

Mia = 0 . 233 ; 7 ia = 1 -^ 

17(a) 

f(Mia) = 0.961 

M2 = 0.593; 72 = 1-5 

17(a) 

f(M2) = 0.858 

= 1.515; 7 i^ = 1-3 

17(b) 

f(M4) = 0.902 


Knowing ^(^2)^ and use equation (42) to find 

the combustor-force coefficient 


Cc 


°.i 88L><°-.82.8 = 0.872 (emBver) ^ 

0.961X0.902 
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TABLE I 

COMBUSTOR AND BURNER DATA 


No. 

Type 

Maximum 

blockage, 

percent 

Maximum 

burner 

diameter, 

in. 

Shell 

inside 

diameter, 

in. 

Fuel 

A 

Donut 

2 k . 7 

6.00 

9.65 

Ethylene 

B 

Modified donut 

25.6 

7.00 

9.65 

Ethylene 

C 

Donut 

25.0 

4.00 

6.50 

Ethylene 

D 

Corrugated gutter 

514-. 0 

16.00 

16.0 

Gasoline 

E 

Can 

133.0 

(open) 

14.38 

16.0 

Propylene 

oxide 

P 

Vane gutter 

46.0 

5.00 

6.5 

Magnesium 

Blurry 

1 

G 

Can 

120.0 

(open) 

6.00 

6.5 

Magnesium 

slurry 
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Figure 1.- Sketch of rant- jet configuration used in analysis. 
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Figure 2.- Variation, of ccmbustor-farce coeffioleat Cq vith at 
different internal-drag condltlonB and an expanding exit nozzle, 
Ai^/Aj = 1.17. 
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Cc 


Figure 5*- 
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Cc 


Figure 



Combustor A. Nonexpanding exit, Alj.y'A^ = 1.25; raultiflameholder 



6.- Combustor B. Nonexpanding exit, \/^ =1.^; double-row 

multif lamebolder . 
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(a) k^jk^ = 1 . 17 . 



Figure 7 .- Combustor C. Expanding exit, multiflameholder . 
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Figure 9»- Combustor E showing effect of constant 
on combustor coefficient. Data obtained from 
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(a) Subsonic. 


Figure l6.- Isentroplc Mach, number variation with exit-: 









